Introduction
The tunica media of the thoracic aorta consists of alternating layers of smooth muscle cells and elastic laminae. Such an organized alternating pattern appears to be critical both for maintaining the structural integrity of the vessel wall and for the functional property of elastic recoil needed to accommodate the pulsatile flow of blood through the lumen. In the adult aorta, the elastic laminae are continuous sheet-like structures that form concentric layers around the circumference of the vessel. Although continuous, the laminae do contain small fenestrations (Roach and Song, 1988) ; however, the function of these fenestrations remains unclear.
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Correspondence and present address: Dept. of Cell Biology and Physiology, Washington U. School of Medicine, Box 8228,660 S. Euclid Ave., St. Louis, MO 63110. vessel. Because the aorta continues to increase in diameter after the elastic laminae are essentially complete, the fenestrations in the laminae were investigated as possible sites of further expansion of the laminae. In aortae from mice injected at 3 days and sacrificed at 4 days of postnatal age, the edges of the elastic lamina that border on fenestrations showed a large number of silver grains. Regions of the elastic lamina at some distance from the fenestration, however, appeared to be associated with fewer grains. Results from this study not only present unique observations of elastin deposition in developing elastic laminae but also provide evidence that the fenestrations in the elastic laminae may play a role in their continued expansion during later stages of aortic development. (JHistochem Cytochem 43:l 115-1 layers of cells (Nakamura, 1988; Karrer, 1960) . As these cells begin to differentiate into smooth muscle cells, the first evidence of elastin appears in the extracellular matrix between the cell layers. Formation of these initial elastic fibers begins with assembly of an extracellular microfibrillar scaffold onto which soluble elastin monomers, called tropoelastin, are deposited (Daga-Gordini et al., 1987; Fahrenbach et al., 1966) . The microfibril scaffold is believed not only to provide a nucleation site for tropoelastin but also to correctly align the monomers for subsequent cross-linking into an insoluble elastic matrix (Mecham and Davis, 1994; Cleary et al., 1981) . Consistent with this hypothesis, the temporal expression of several microfibrillar proteins has been found to correlate with that of elastin during prenatal development of the aorta (Mariencheck et al., 1995) .
After birth, elastin accumulates rapidly in the aorta as a response to the changing hemodynamic stresses imposed on the vessel wall (Bendeck and Lang; lle, 1991) . During this period of development, the elastic laminae, must continue to enlarge in circumference as the vessel matures and the diameter of the lumen increases. In the rat aorta, Gerrity and Cliff (1975) found the elastic laminae to be completely formed by 4 weeks of postnatal age; however, the diameter of the vessel continued to enlarge until 8 weeks of age. The fact that the elastic laminae are completely formed as continuous concentric rings before full maturation of the vessel presents an interesting problem with respect to elastic laminae development.
To date, there is little evidence on how the newly synthesized elastin is added to the laminae to allow the increased circumferential growth that occurs during the final stages of vessel formation.
As an animal reaches maturity, elastin synthesis decreases to negligible amounts (Davidson et al., 1986; Lefevre and Rucker, 1980; Keeley, 1979) , with mRNA levels for elastin being undetectable in the adult vessel (Mariencheck et al., 1995) . The lack of any new elastin synthesis after maturation is consistent with studies of elastin turnover that indicate an extremely slow turnover rate for this protein in the adult aorta (Davis, 1993a; Rucker and Tinker, 1977; Walford et al., 1964; Dao et al., 1961) . The extraordinary stability of elastin and the absence of any new elastin synthesis in the mature vessel make it clear that correct formation of the elastic laminae during development is critical, since these laminae must remain intact and functional throughout adult life.
In the present study, growth and development of the elastic laminae in the mouse aorta were investigated by autoradiography after a single injection of L-[ 3,4-3H]-valine. In similar experiments using prepubertal rats, Ross and Klebanoff (1971) showed that smooth muscle cells of the aortic media rapidly take up [ 3H]-proline, and that within 4 hr, autoradiographic silver grains can be observed over the elastic laminae. Because elastin undergoes little or no turnover, autoradiography provides a unique opportunity to identify and locate elastin in the mature vessel that was incorporated into the elastic laminae at early stages of development. With this experimental approach, novel observations concerning elastic lamina growth and development have been obtained. Results from this study suggest a role for elastic lamina fenestrations in the continued circumferential and longitudinal growth of the vessel that must occur during later stages of development.
Materials and Methods
Preparation of Aortae for Electron Microscopy and Autoradiography. Epon-embedded mouse aortae were prepared for ultrastructural analysis and autoradiography as previously described (Davis, 1993a.b) . Briefly, C57/BL mice (Charles River Canada; Montreal, Quebec, Canada) were anesthetized with sodium pentobarbital and perfused through the left ventricle with normal saline followed by 3% glutataldehyde buffered with 0.1 M sodium cacodylate (pH 7.4) at a pressure in the physiological range. After perfusion, the descending thoracic aorta was removed, dissected into segments, and placed in fresh fixative at room temperature for an additional 2 hr. For ultrastructural analysis, prenatal mice aortae were also prepared for Epon embedding. Pregnant C57/BL mice at 15 days' gestation were anesthetized and the mouse pups removed. The aortae were dissected and fixed as described above. After fixation, the tissues were washed overnight in cacodylate buffer at 4°C and the next day treated sequentially with 1% os04 in buffer, 2% tannic acid in buffer, and 2% uranyl acetate in distilled water. The tissues were then dehydrated in a graded series of methanol to propylene oxide, and infiltrated and embedded with Epon (SPI Supplies; West Chester, PA). Far uluasuuctural analysis, 60-70-nm tissue sections were cut on a Reichert ultracut ultramicrotome and counterstained with methanolic uranyl acetate (Franc et al.. 1984) followed by lead citrate (Reynolds, 1963) . Sections were examined in a Philips 301 transmission electron microscope at an accelerating voltage of 80 kV.
Autoradiography Experimental Design. The experimental group consisted of 10 C57IBL mice, four mice at each of 3 and 14 days' postnatal age and two mice at 21 days' postnatal age (Davis, 1993a) . Each mouse was individually weighed and given a single sc injection on the back with ~-[3,4-~H]-valine (NEN Research Products; Du Pont, Mississauga, Ontario, Canada) at a level of 50 pCil1 g body weight. Immediately before use the volume of the radiolabel was reduced by rotary evaporation under vacuum, then buffered with 1.5 M sodium chloride and 0.5 M phosphate buffer (pH 7.5). After 24 hr following injection, two mice from each of the 3-and 14-day-old postnatal age groups were sacrificed. All remaining mice were subsequently sacrificed at 4 months of age. As a control, two additional animals were injected at 3 days' postnatal age with buffer containing no radiolabel. One mouse was sacrificed at 4 days old and the other at 4 months old.
Light Microscopic Autoradiography. Epon blocks from each animal were selected for autoradiography on the basis of quality and plane of section. Autoradiographic slides were prepared as previously described (Kopriwa and Leblond, 1962) . Briefly, O.5-Bm sections were cut from each block with a diamond knife on a Reichart ultracut microtome and placed in a single row on a bare glass slide. Slides were then placed on a heater block warmed to 85°C and covered with iron alum solution, followed by hematoxylin, for 7 min each. To enhance the blue tones of the stain, the slides were then covered with tapwater for 3 min. Each slide was coated with Kodak NTB-2 emulsion and stored for 12 weeks of exposure at 4'C. The autoradiographic slides were then developed in freshly prepared Kodak D-170 developer (pH 7.1) for 6 min at 18°C and fixed with 24% sodium thiosulfate (pH 6.7) for 3 min. Autoradiographs were photographed with an Ultraphot 11 camera light microscope (Zeiss; Toronto, Ontario, Canada).
Electron Microscopic Autoradiography. Electron microscopic autoradiographs were prepared as described by Kopriwa (1973) . From the blocks previously chosen for light microscopic autoradiography, 80-nm sections were cut and placed on celloidin-coated slides in three groups of several sections per group. Before the application of Ilford L4 emulsion, the sections were coated with a thin layer of carbon to prevent displacement of the silver grains after development. After 11 months of exposure, the autoradiographic slides were developed with gold thiocyanate for 1 min, followed by Agfa-Gevaert developer for 7 min at 2O' C to produce fine silver grains. The slides were then rinsed briefly and fixed for 2 min in 24% sodium thiosulfate. To transfer the sections from the slides to electron microscopic grids, the celloidin was scored and floated off the slide onto the surface of distilled water. Grids were then placed over the sections and the celloidin film, together with the grids, was aspirated onto moistened filter paper and left to dry. Before counterstaining, the celloidin film was removed from the surface of the grid by gentle agitation in glacial acetic acid for approximately 5 sec, followed by a thorough rinse in distilled water. Grids were counterstained and examined as described above.
Results

Elastic Laminae Ultrastructure
General ultrastructural features of the developing mouse aortic media have previously been reported in detail (Davis, 1993b) . In the present study, therefore, only specific features concerning the development of the elastic laminae are described. At 15 days' gestation, only small deposits and short bands of elastin were observed between the smooth muscle cell layers in the aortic media ( Figure  1A) . The internal elastic lamina was more complete than the subjacent laminae, with fewer elastin deposits and more bands of elastin being evident (not shown). By 1 day of postnatal age, the elastic laminae consisted primarily of long bands of elastin. Although they e 
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were relatively thin in width, these bands of elastin formed an almost continuous layer between adjacent smooth muscle cell layers (not shown). The elastic laminae in the media of >-day postnatal aortae were thicker in width and complete, with the exception of small fenestrations observed intermittently along the length of the laminae ( Figure 1B) . To ensure that the breaks in the elastic laminae were indeed fenestrations and not larger openings, the integrity of the elastic laminae was investigated in both longitudinal and cross-sections. In both planes of section, the breaks in the laminae appeared relatively consistent in size, with no large areas observed that were devoid of elastin. Investigations of the aortic media from older mice showed continued thickening of the elastic laminae, with the consistent presence of small fenestrations ( Figure IC) .
Light Microscopic Autoradiograpby
The distribution pattern of silver grains over the elastic laminae in aortae of mice injected at early ages and sacrificed at 4 months of age allowed the fate of the elastin synthesized in the developing aortic wall to be investigated. Light microscopic autoradiographs of aortae from mice injected at 3 days and sacrificed at 4 months of age showed a relatively uniform distribution of grains along the entire length of each elastic lamina (Figures 2A and 2B) . The grains appeared to be located approximately along the center of the elastic laminae. No large areas of elastic laminae were seen to be devoid of silver grains in cross-sections ( Figure 2A ) or longitudinal sections ( Figure 2B ) of the vessel wall. Some areas of the laminae did appear to have slightly higher densities of grains than others, and some areas had no grains; however, these areas were relatively small, being only a fraction of the length of one smooth muscle cell. A similar even distribution of silver grains was observed around the circumference of aortae from mice injected at 14 days and sacrificed at 4 months of age ( Figures 2C and 2D) . In contrast to the central location of grains observed along the elastic laminae in mice injected at 3 days of age, most of the grains appeared to be located at the edges of the laminae. Some areas appeared to have higher densities of silver grains than others; however, these areas were very small with respect to the entire diameter of the vessel. In aortae of mice injected at 21 days and sacrificed at 4 months of age ( Figures 2E and 2F) , the distribution of silver grains along the elastic laminae appeared very similar to that of mice injected at 14 days of age. Many grains appeared close to the edges of the smooth muscle cells, and in some areas a higher concentration of grains was observed along the elastic laminae. The silver grains over the elastic laminae observed in the present study were specific to elastic lamina growth, since a previous study has shown the lack of any silver grains over any region of aortae from mice injected with radiolabel at 8 months and sacrificed at 12 months of age (Davis, 1993a) .
Electron Microscopic Autoradiograpby
tic laminae, extracellular matrix, and smooth muscle cells, including the nucleus, organelles, cytoplasm, and cell membrane ( Figure  3A ). Of these three areas, most grains appeared to be located over the edges of the developing elastic laminae. In many areas, silver grains could be seen in regions at which the elastic laminae form a close association with the cell surface. In a similar manner, aortae of mice injected at 14 days and sacrificed at 15 days of age showed silver grains distributed over the smooth muscle cells, extracellular matrix, and elastic laminae ( Figure 3B) . The grains associated with the elastic laminae were most often seen along the edges of the laminae, both in regions where the elastic lamina is at a distance from the cell and where it is closely apposed to the cell surface.
Because of the remarkable stability of elastin (Davis, 1993a; Rucker and Tinker, 1977) , the elastin synthesized and assembled early in development can be identified and located at later stages of vessel development. In contrast to the widespread distribution of silver grains observed in aortae from mice 1 day after the radiolabel was injected, the distribution of silver grains in aortae from mice injected at 3 or 14 days' postnatal age and sacrificed at 4 months of age were almost exclusively associated with the elastic laminae. In aortae of mice injected at 3 days and sacrificed at 4 months of age, the location of the silver grains was predominantly over the center of the elastic laminae ( Figure 4A) . In contrast, the silver grains in aortae of mice injected at 14 days and sacrificed at 4 months of age were distributed along the edges of the elastic laminae (Figure 4B) .
Although the ultrastructural studies showed that the elastic laminae are essentially complete by 5 days of postnatal age, the diameter and length of the vessel must continued to increase as the animal grows. Specific attention was therefore given to the fenestrations within the elastic laminae as possible sites for elastic lamina growth. In aortae of mice injected at 3 days and sacrificed at 4 days of postnatal age, areas of the elastic laminae that contained fenestrations showed a higher concentration of silver grains than adjacent unfenestrated portions of the laminae (Figure 5 ). Within the fenestrations, many small deposits of elastin as well as microfibrillar material were also observed. Since all valine-containing proteins synthesized during the labeling period would be radiolabeled, the silver grains in this region may represent, in addition to elastin, other proteins involved in elastogenesis, such as microfibril proteins.
Discussion
The development of the aortic media involves the formation of alternating layers of smooth muscle cells and elastic laminae. Remarkably, the number of cell layers is established early in embryonic development and does not increase with age (Davis, 1993b; Nakamura, 1988; Cliff, 1967) , the increase in medial thickness being primarily due to the production of elastic tissue (Gerrity and Cliff, 1975) . The factors responsible for the number of elastic laminae are not clear; however, wall tension resulting from increasing intraluminal pressure is believed to play a significant role, since the -.
-Autoradiographs developed to produce fine silver grains, as opposed to the typical filamentous grains, were used to identify with more precision the location of the radiolabel over specific structures by electron microscopy. In aortae from mice injected at 3 days and sacrificed at 4 days of age, silver grains were seen over the elastic laminae, extracellular matrix, and smooth muscle cells, includ-number of iaminae is directly proportional to the radius of the vessel and the wall tension per elastic lamina is constant regardless of species (Wolinsky and Glagov, 1967) .
Evidence from this study and others (Gerrity and Cliff, 1975; Karrer, 1961) has shown that the elastic laminae of the aortic media are completely formed before full maturation of the vessel. In a detailed stereological study of the rat aorta, Gerrity and Cliff (1975) reported that approximately 2 5 % of the final radius of the vessel results from growth after the elastic laminae are complete. In theory, this presents an interesting problem, because elastin is extraordinarily stable and undergoes little or no turnover (Davis, 1993a; Rucker and Tinker, 1977) . One mechanism by which the laminae could expand to allow the increase in radius is stretching of the laminae during growth with accretion of new elastin onto the pe- riphery. In the present study, the even distribution of silver grains observed along the elastic laminae from aortae of mice injected at early ages and sacrificed at 4 months of age does suggest that the elastic laminae stretch as the vessel grows in diameter. However, studies on the mechanical characteristics of the aorta have shown that stretched elastin adds stiffness to the wall and would thus alter the normal elastogenic properties of the vessel (Dobrin, 1978; Wolinsky and Glagov, 1964) . It is unlikely, therefore, that such a stretching mechanism could account for the significant increase in circumferential diameter that is needed to account for the increase in vessel radius.
Although stretching of the elastic laminae is probably not a major factor contributing to the expansion of elastic laminae during growth, stress on the vessel wall is clearly important for vascular development. Because the smooth muscle cells are connected to the elastic laminae early in development (Davis, 1993b) . stretching of the laminae during growth may be responsible for transmission of tension to the smooth muscle cells. This tension may be an important factor in elastic laminae formation, as the mechanical force of stretch alone has been shown to provide a signal to smooth muscle cells that results in expression of the elastin gene and stimulation of tropoelastin synthesis (Sutcliffe and Davidson, 1990) . Further evidence for the role of wall tension in vascular development has come from studies on primary pulmonary hypertension, in which the high intraluminal pressure that remains in the pulmonary artery after birth results in a persistent fetal pattern of tropoelastin gene expression (Stenmark et al., 1994) and a lack of the vascular remodeling that is normally associated with the postnatal drop in intraluminal pressure (Roberts, 1963) .
The only other mechanism, in addition to stretch, that could allow an increase in circumferential diameter of the elastic laminae after their completion would be if the laminae were "cut," with new elastin inserted into the opening, or if many small openings remained in the laminae throughout vessel growth. In the present study, the relatively uniform distribution of silver grains observed over the elastic laminae in the aortae from mice injected at 3 days and sacrificed at 4 months of age suggests that the elastin added after 3 days must be evenly distributed around the circumference of the vessel. The high concentration of silver grains associated with the fenestrations in the elastic laminae suggests that the fenestrations may provide small openings where new elastin could be added to allow expansion of the laminae. Consistent with this hypothesis are scanning electron microscopic studies that show uniform distribution of fenestrations throughout the elastic laminae (Roach and Song, 1988) . Furthermore, no significant difference in the average area of fenestrations was found between young and old animals (Dunmore et al., 1990) , thus providing evidence that the fenestrations remain a feature of the elastic laminae and are not merely "filled in" by newly synthesized tropoelastin. In larger animals, the accretion of elastin onto the edges of fenestrations may not be sufficient to allow the increase in circumferential growth of the aorta. In both the developing bovine pulmonary artery (Prosser et al.. 1989 ) and developing sheep aorta (Fukuda et al., 1984) . cell nests containing fragmented elastic laminae have been demonstrated in the outer media. Although in situ hybridization studies in the pulmonary artery have shown that the cell nests were negative for tropoelastin, the adjacent surrounding cells showed a strong positive signal for tropoelastin expression. As a mechanism for elastic lamina growth, it has been suggested that the cells within these nests may degrade the elastin while the sur-rounding cells contribute new elastin to fill the breaks, thereby allowing enlargement of the elastic lamina (Mecham et al., 1991) . This hypothesis is supported by the fact that the cell nests contain a large number of microfibrils (Fukuda et al., 1984) . Not only are microfibrils required for elastic lamina assembly, but elastolysis in the arterial wall has been shown to result in large accumulations of microfibrils (Katsuda et al., 1990) .
In summary, the formation of elastic laminae in the media of vessels is a complex process that is not fully understood. The results from the present study have demonstrated that elastic lamina growth occurs uniformly throughout the aortic media and that little remodeling appears to occur after the deposition of elastin into the laminae. In addition, the observation of silver grains associated with elastic laminae fenestrations provides evidence that the fenestrations may play a role in allowing the laminae to expand during later stages of development. Because of the long-term stability of elastin, this study has also demonstrated that the injection of radiolabel and subsequent observation of its distribution over the elastic laminae by autoradiography provides a valuable method to study elastic lamina growth and development. In the future, continued studies on aortic media ultrastructure and assembly will provide better understanding of the pathological changes that occur to elastic laminae in vascular conditions such as hypertension and aneurysms.
